Whereas this level of analytical uncertainty is a factor of ~2-3 greater than the precision 102 attained by thermal ionization mass spectrometry (TIMS) measurements, crucial grain-scale 103 textural and chemical information is retained. 104
The calc-alkaline magma series, which form the bulk of exposed granitic batholith 105 belts, including a significant proportion of subduction-related plutonic rock associations 106 (Wilson, 1989) , commonly contain diverse LREE-accessory phase assemblages amenable to 107 in-situ Nd isotope analysis (von Blanckenburg, 1992; Oberli et al., 2004) . The isotopic 108 characterisation of calc-alkaline plutonic suites potentially involves a range of isotopically 109 distinct source components (DePaolo, 1981a, b; Hill et al., 1986 ; von Blanckenburg et al., 110 1992), however until now, LREE-accessory phases have been mainly targeted with the single 111 aim of extracting magma crystallisation ages (Barth et al., 1994; Oberli et al., 2004) . 112
In this paper, we extend this micro-analytical approach to a group of LREE-enriched 113 accessory minerals that can be analysed for Nd isotope systematics using LA-MC-ICPMS. 114
This Nd isotope tracer data is combined with accessory mineral trace element systematics to 115 reconstruct the differentiation and assimilation history of the Oligocene (c. 30-32 Ma) calc-116 alkaline Bergell Igneous Complex, eastern Central Alps (Fig. 1) . The Bergell Igneous 117
Complex comprises co-genetic early mafic cumulates and intermediate to felsic differentiates 118
that exhibit a range of bulk-rock initial Nd isotope compositions, and major and trace element 119 compositions . The studied rocks contain abundant accessory 120 titanite, allanite, REE-epidote and apatite, which are known to be major hosts for trace 121 elements in tonalites and granodiorites (Gromet and Silver, 1983; Bea, 1996 system in monazite and zircon (Köppel and Grünenfelder, 1975; Liati et al., 2000) , and 215 represents the youngest intrusion in the area. The leucogranite is compositionally and 216 genetically unrelated to the Bergell Pluton (Fig. 2) as it was derived from crustal melts 217 (Kagami et al., 1985) . It may, however, be associated with late-stage aplitic and pegmatitic 218 dyke intrusions in gneisses north of the Insubric Line and crosscutting the Bergell Pluton 219 (Reusser, 1987 . Monazite and apatite were separated from 220 NOV1. Monazite grains were euhedral, transparent, ~200 µm in diameter and contain 221 inclusions of quartz and feldspar. 222 
230
Trace element analyses of mineral separates were performed by LA-ICP-MS at the ANU Research
231
School of Earth Sciences (RSES) using a pulsed 193 nm ArF Excimer laser operating at 100 mJ, 5 Hz repetition 232 rate, and a 32 µm laser crater diameter (Eggins et al., 1998 (Dollase, 1971) . 286
The major element (Ca, Si and Al) composition is correlated with bulk-rock composition and 287 these elements decrease with increasing degree of differentiation. In general, total REE 288 content measured by EMP increases with degree of bulk differentiation (~8 wt% to 19 wt%), 289 particularly at the early stage of differentiation from MAL1 basaltic-andesite to SIS01 gabbro 290 when allanite replaces REE-epidote as the most important LREE-carrier in the rock (Table  291 2). 292 Trace element data is given in Table 3 . Allanite and REE-epidote are relatively enriched in 303 the LREEs at different absolute abundances (Fig. 4a) . The low La/Lu of epidote compared to 304 allanite (La/Lu of ~360 and ~8 000-200 000, respectively), is due to crystal-chemical effects, 305 whereby the incorporation of trivalent REEs into the A-sites (i.e., Ca 2+ site) of allanite, is 306 balanced by the presence of divalent cations, principally Fe 2+ , which effectively distort theSIS01 to SIS07, Table 3 ) despite decreasing Ca and Al contents (Table 2 ). This indicates that 310 factors other than crystal-chemical effects contributed to decreasing La/Lu in allanite (Fig.  311   4a ). Titanite and apatite show similar chondrite-normalised REE profiles, although the 312 absolute REE concentration in apatite from the granodiorite is an order of magnitude lower 313 than titanite ( Fig. 4b and d) . Notably, titanite is progressively LREE-depleted and M-HREE-314 enriched with increasing degree of differentiation, causing a decrease in La/Lu (~60 to 4) 315 similar to allanite. This behaviour contrasts to bulk-rock LREE/HREE compositions, which 316 typically increase with crustal contamination and degree of differentiation (Table 3; von  317 Blanckenburg et al., 1992). Monazite from NOV1 shows a characteristic strongly LREE-318 enriched patterns (Fig. 4c ) and a rimward decrease in Y and HREE concentrations (e.g., 319
La/Lu varies from 2 500 to 4 000 rimward, Table 3 ). 320
Accessory mineral Eu anomalies become increasingly negative with degree of 321 differentiation from MAL1 to NOV1 (Table 3 (Table 3) . Overall, Th/U in REE-epidote and allanite increases from 324 <1 in MAL1 to ~140 in SIS07, although SIS04 allanite has a Th/U of ~160, reflecting the 325 high Th/U of the tonalite bulk-rock (Table 3) . Thorium in monazite decreases from core to 326 rim (Table 3 ). The Ba content of the accessory phases analysed in this study was typically < 2 327 ppm. 328 which is within error of previous TIMS titanite analyses ( Fig. 5f; Blanckenburg 1992). We will return to the significance of this discrepancy in the 381 forthcoming discussion. The Th-Pb age of tonalitic allanite (31.5 Ma, von Blanckenburg, 382 1992) was also confirmed by Gregory et al. (2007) , using in-situ techniques on the same 383 separates (Fig. 6) . Apatite in SIS04 was again too small for laser analysis. 384 (Fig. 3c) produced a weighted mean ε Nd t of -8.86 ± 0.22 401 (calculated at t = 25 Ma) identical to the bulk-rock TIMS value (Kagami et al. 1985) . In 402 contrast, two high BSE-intensity cores (Fig. 3a) record higher ε Nd t values of -7.36 and -7.65. 403
Three apatite grains yielded ε Nd t of -8.78 ± 0.57 (MSWD 0.6), again within error of the bulk-404 rock value and co-existing monazite (Table 4 mantle and crustal affinity, and define a smooth calc-alkaline mantle-crust mixing trend (Fig.  415 2). This trend is interpreted to reflect differentiation of uprising magma via simultaneous 416 crustal assimilation and fractional crystallisation processes (von Blanckenburg et al., 1992). 417
Such diversity in bulk-rock chemical and isotopic compositions provides an ideal setting to 418 assess the value of accessory phase LA-MC-ICPMS Nd isotope analysis for tracing the 419 isotopic evolution of igneous suites. 420
To extract a faithful history of the evolution of the Bergell magmatic system it was 421 essential to separate Nd-rich accessory phases from each intrusive member. Crucially, the 422 representative mafic end-member MAL1 contained magmatic REE-epidote, which was used 423 to constrain the ε Nd isotopic composition of the proposed mantle source (ε Nd t = +4, von 424 Blanckenburg et al., 1992). Figure 8a Bergell igneous complex, from an ε Nd t of +3.9 for basaltic-andesite determined by REE-430 epidote, to an ε Nd t of -6.2 for granodiorite obtained using allanite, titanite and apatite. This 431 dataset also demonstrates an absence of significant outliers, both analytical (instrumental 432 bias) and geological (inherited isotopic components) in the accessory mineral results from 433
Bergell. Second, when multiple accessory phases were analysed in a single sample the Nd 434 isotope compositions of these phases were consistent (e.g., Fig. 7 ). This indicates that 435 primary magmatic 143 Nd/ 144 Nd signatures were preserved and demonstrates mineral-melt 436 isotopic equilibrium during crystallisation. This check on internal consistency is one of the 437 most powerful benefits of the LA-MC-ICPMS approach. Because secondary alteration could 438 affect different minerals in different proportions (e.g., preferential alteration of allanite 439 compared to titanite) bulk-rock application in this situation could result in misrepresentation 440 of the true isotopic value.
Neodymium isotope compositions of titanite and allanite from SIS01 (ε Nd t of -2.08 ± 442 0.39 and -2.36 ± 0.17, respectively) fall within the large range of bulk-rock ε Nd t documented 443 for samples of Bergell gabbro ( Fig. 2; von Blanckenburg et al., 1992), yet they do not 444 correspond to a specific bulk-rock Nd isotope composition. The bulk mineralogy of SIS01 445 analysed in this study corresponds most closely to the Siss1 hornblende gabbro described by 446 von Blanckenburg et al. (1992) , however the latter has a more juvenile composition (ε Nd = 447 +0.4) compared to that of the accessory phases (Table 4) . Considering the range of bulk 448 compositions for gabbro in the Bergell igneous complex (e.g., primitive cumulates to tonalite 449 cumulates; Diethelm, 1989) , the discrepancy between the in-situ data and previous 450 conventional results is most likely a sampling artifact. This hypothesis is supported by the 451 excellent agreement of titanite and allanite results despite substantial differences in 452 147 Sm/ 144 Nd and total Nd content, and the fact that simultaneously measured 145 Nd/ 144 Nd 453 values were identical within error of the natural ratio (Table 4) . 454
In-situ Nd isotope analyses of allanite from the SIS04 tonalite are ~40 ppm (~0.8 455 epsilon units) lower than previous TIMS results for this mineral ( However, the SIS04 allanites were analysed concurrently with those from SIS07 and 459
Daibosatsu and these samples both returned accurate LA-MC-ICPMS results ( Fig. 5 ; EDR 460 Table 1 ). In addition, allanite grains separated from SIS04 and SIS07 for in-situ analysis were 461 inclusion-poor, lacked obvious signs of alteration and displayed similar internal zoning in 462 BSE images (Fig. 3) . Given these factors, it is hard to reconcile why potential instrument bias 463 would only affect the measurement of a single mineral sample. Encouragingly, the in-situ 464 analyses of co-existing titanite were within error of their known isotopic value (Fig. 5) and 465 importantly, they agreed with the Nd isotope results obtained from allanite (Fig. 5) . The in-466 situ data therefore point to the fact that the TIMS results for allanite might not be accurate, 467 for either analytical or geological reasons. It is evident from Fig. 8a that the Nd isotope 468 composition of SIS04 allanite determined by LA-MC-ICPMS lies within the mantle-crust 469 mixing trend, and thus is considered geologically accurate. 470
The in-situ Nd isotope results for monazite and apatite from the Novate leucogranite 471 (NOV1) are shown in Fig. 8a . The Sm-Nd system in apatite recorded an ε Nd t of -8.78 ± 0.57, 472 which is consistent with the bulk-rock (-8.6; Kagami et al., 1985) . However, in BSE images,core shown in Fig. 3a and the oscillatory-to sector-zoned monazite in Fig. 3c displayed Nd 475 isotope variations with ε Nd t values of -7.4 ± 0.4 and -8.4 ± 0.5, respectively. Oscillatory-to 476 sector-zoned monazites were, however, more common in NOV1, and the in-situ results 477 indicate that this monazite type was in isotopic equilibrium with the crystallising host magma 478 (Fig. 5) . In comparison, a low BSE-intensity monazite core shown in Fig. 3b gave a markedly  479 lower ε Nd t of -13.2 ± 0.3. This core is inclusion-rich and BSE imaging indicates that it is of a 480 different composition to the monazite overgrowth. It also displays an irregular and 481 discontinuous contact with the overgrowth (Fig. 3b) . Combined, the texture, chemical 482 gradients, resorptive boundary and Nd isotopes all suggest that the core is inherited. 
Bulk-rock versus accessory phase trace elements 490 491
Because certain bulk-rock trace element ratios change in response to crustal assimilation and 492 degree of differentiation, e.g., Ba/Sr, Ce/Sr, Ba/Y (Table 3; Bulk-rock Ba/Y is a sensitive monitor of crustal assimilation (Table 3) . Measured Ba 500 concentrations in the studied accessory phases however, were very low (< 2 ppm), which 501 prevented the use of Ba systematics at the mineral-scale as a sensor for differentiation. 502
Similarly, bulk-rock Ce/Sr increased with decreasing ε Nd t, whereas Ce/Sr in allanite and 503 titanite displayed contrasting behaviour: Ce/Sr increased in allanite and decreased in titanite 504 (Table 3) . In these minerals, Sr does not vary systematically with index of differentiation 505 (Table 3) . More important, however, is the ability of these accessory phases to effectively 506 fractionate trace elements in a melt, principally REEs, Y, Th and U (Gromet and Silver,components. As a result, even low degrees of mineral-melt fractionation by these phases can 509 control trace element enrichment or depletion of an evolving magma (e.g., Oberli et al., 510 2004 ). The progressive LREE-depletion in titanite indicated in Fig. 4b is thus attributed to 511 allanite fractionation, given that allanite is the principal host of LREEs in granodioritic and 512 tonalitic rocks (Gromet and Silver, 1983; Oberli et al., 2004) . Consequently, this poses some 513 difficulty in directly linking the behaviour of trace element ratios from bulk-rock and 514 accessory mineral data. 515
Unlike other REEs, the fractionation of Eu in a melt is typically governed by feldspar, 516 which displays a strong affinity for Eu 2+ (Bea, 1996) and is a major mineral constituent in 517 most calc-alkaline igneous rocks. As a result, fractional crystallisation of magmatic 518 plagioclase and K-feldspar is reflected in the Eu anomaly (or Eu/Eu*) of the bulk-rock and its 519 minerals. This situation is clearly illustrated for the Bergell samples in Fig. 8b , which shows 520 that accessory mineral Eu/Eu* values decrease systematically with ε Nd t. Such trends are 521 interpreted to reflect the progressive Eu depletion of the host magma through increasing 522 plagioclase or K-feldspar fractionation (von Blanckenburg et al., 1992). 523
Fig. 8b also highlights a difference in titanite and allanite Eu/Eu*. This is a second 524 order effect related to Eu oxidation state, and is dependent on the propensity of the crystal 525 lattice to incorporate Eu 2+ . The data suggest that titanite has a higher affinity for Eu 2+ than 526 allanite in the same rock. This is consistent with trace element data from Bea (1996) , which 527 indicate relatively Eu-depleted REE contents in allanite compared to titanite. A similar 528 feature is also observed for contemporaneously formed titanite (Eu/Eu* ~1.5) and allanite 529 (Eu/Eu* ~1.1) in metamorphic orthogneisses (Gregory et al., in review; Gregory, 2008 fine-grained basaltic-andesite to porphyritic granodiorite (Fig. 8a) , and therefore have wide-543 ranging application to the study of igneous rocks. 544
The precision of in-situ Nd isotope measurements obtained in this study (down to ~20 545 ppm at 2σ level; Table 4 ) was degraded by a factor of ~3 compared to that of ID-TIMS 546 accessory mineral data (< 10 ppm at 2σ level; Thöni et al., 2008) . Nonetheless, the in-situ 547 method presented here enables mineral zones of different Nd isotope composition to be 548 distinguished, and permits the targeting of any chemically or texturally anomalous domains 549 identified in BSE images (e.g., Fig. 3 ), including domains previously analysed for U-Th-Pb 550 isotopes. The analytical and spatial resolution required for isolating sub-grain domains was 551 routinely achieved using high-Nd monazite and allanite ( 2007) to first assess the behaviour of the U-Th-Pb system, it was established that the Pb in 570 relict igneous allanite was not affected by volume diffusion and retained Permain magmatic 571 ages (Gregory, 2008) . It is thus expected that the Sm-Nd isotope system in allanite was also 572 undisturbed by the tectonometamorphic overprint, considering the relatively slow 573 diffusivities of REEs compared to Pb in other accessory phases, such as titanite (Cherniak, 574 1993; . Consequently, the extraction of primary Sm-Nd isotope information from 575 igneous rocks that have seen varying degrees of alteration or metamorphism, offers a 576 significant application for microbeam analysis. The procedure described here opens up the 577 way for petrogenetic applications to exploit information held in U-Th-Pb and Nd isotopes at 578 the micrometer scale, in a manner similar to current U-Pb and Hf isotope studies on zircon 579 Tables  841  842  Table 1: LA-MC-ICPMS sample description and location.  843  844  Table 2 : Allanite and REE-epidote major element composition determined by electron 845 microprobe. 846 847 
